I. DESIGN PRINCIPLES OF P -TYPE TRANSPARENT CONDUCTING OXIDES
P -type transparent conducting oxides (TCOs) show the attributes of transparency and hole conductivity and are extremely rare yet needed for a variety of technological applications 1 . These attributes seem mutually exclusive but can appear in a material that has a band gap large enough for transparency to the visible light coexisting with an electron chemical potential (Fermi level) E F near the valence band maximum (VBM). For a material to be a p-type TCO it must satisfy subtle design principles (DPs) 2 which establish precise target values for its optical and transport properties:
(i) Hole-producing defects (i.e., electron acceptors) should have shallow levels and low formation energies making them easy to form either as intrinsic acceptors (usually metal vacancies or metal anti-site defects) or as extrinsic acceptor impurities soluble in the host compound.
(ii) "hole-killing" defects (i.e., electron donors), usually anion vacancies, should be difficult to form when E F lies low in the band gap. This condition is more easily met 3 by host materials with a VBM which is sufficiently high in energy, i.e., materials that have low intrinsic work functions, such as tellurides and antimonides.
(iii) The compound should be thermodynamically stable, even under conditions that are conducive to high hole concentrations (conditions that create hole-producing defects but avoid holekilling ones).
(iv) In order to have high hole mobility to sustain large p-type conductivity, one needs light hole effective masses (m * h ). (v) The optical band gap must be equal to, or larger than, 3.1 eV to guarantee transparency to the visible light. Note also that the intra-band absorption from deeper valence band states to the E F should be weak so as not to curtail transparency.
Finding solids that meet these DPs amounts to performing a multi-objective 4 optimization of the properties associated to the DPs as functions of chemical composition and crystal structure of the material. So far, though, it has been mostly the DP on the optical band-gap that has guided the selection of candidate TCO materials (both p-type and n-type) with the remaining DPs receiving less attention during materials screening. very oxygen-rich conditions (i.e., very high oxygen partial pressures and exceedingly low temperatures) In these systems the cation vacancy, a hole producing defect, has the small formation energy and is negatively charged for a Fermi level that lies low in the gap. Furthermore, these systems tend to have the (+2/0) transition level of the oxygen vacancy, a hole-killing defect, close to the VBM. Therefore, this defect does not release electrons that compensate the hole-producing
defects. Yet, these A-O oxides tend to have relatively small band gaps and low formation energies of the hole-killing anion vacancy, both properties that counteract TCO-ness.
On the other hand there are oxides like TiO 2 , Sc 2 O 3 , and V 2 O 5 , referred to here as "B-O oxides", which are stable in a larger range of ∆µ O , corresponding to oxygen partial pressures and temperatures easily achievable in synthesis, and which have larger band gaps than the A-O oxides.
These B-O oxides usually show relatively large formation energies of the hole-killing defect, a feature that favors high hole conductivity. However, in such materials the transition energy level of the electron-donor defect tends to be well inside the gap, which entails that this defect will release electrons (and compensate holes) when the Fermi level is near the VBM. Moreover, these B-O oxides might have hole-producing defects with an undesired large formation energy.
Since no single binary compound appears to meet all the DPs, the search for optimal p-type
TCOs has moved into surveying groups of ternary materials. The first p-type TCO to be identified was the CuAlO 2 delafossite 5 . Starting from CuAlO 2 , other Cu-based delafossites have been obtained by substituting Al with several trivalent cations [6] [7] [8] [9] .
A few other Cu-based compounds outside the structural family of the delafossites have been considered as candidate hole-conducting TCOs. The investigated systems include 10 
The chemical potential µ α of a species α is specified by the difference ∆µ α between µ α and the chemical potential µ
• α of the reference phase of the species α at standard conditions. Eq. (1a) expresses the condition of thermodynamic equilibrium of the target A n O m compound with its constituents; here, ∆H f (A n O m ) is the heat of formation of A n O m with respect to the reference phases of the elemental constituents. The inequalities (1b) express the fact that the chemical potentials ∆µ α must be negative to avoid precipitation of the stable phases of the elemental constituents. The inequality (1c), which originates from the condition that all possible competing phases A n O m with different stoichiometries be unstable, further restricts the ranges of chemical potentials at which A n O m can form without simultaneous formation of secondary phases. Clearly, Equation (1a) leaves only one chemical potential as a free parameter. Here, we consider the oxygen chemical potential ∆µ O as the independent variable, as it can be directly controlled by the temperature and the oxygen partial pressure pO 2 during synthesis. Once the interval of chemical potentials of the elements allowed for the formation of a desired compound are determined, one can readily obtain the range of optimal oxygen partial pressures pO 2 , as a function of temperature, at which to run reactions of synthesis of that compound. The heats of formation of all the binary and ternary compounds considered in this study have been calculated by the GGA+U scheme.
In the Appendix we provide further details of the GGA+U scheme used and the values of the parameters that were set in these calculations. 
The first term on the right-hand side in Eq. (2) is the excess energy of the defect D chemically bound to the host material; the second is the energy of the charge q added to (or removed from)
an electron reservoir with chemical potential 
where the energy level ε(q/q ) is referred to the energy E V of the VBM. The chemical potentials ∆µ α of oxygen and of the metal species in Eq. (2) are set by the conditions, given by the relations
(1), for the thermodynamic stability of the A 2 O compound in equilibrium with reservoirs of the elements. In the Appendix we give a short description of the technical details of the procedure to calculate by the supercell approach the formation energies and the equilibrium concentrations of the defects, and the equilibrium concentrations of the electron and hole carriers that result from the formation of defects in the host material. In Cu 2 O, the optical excitation at the fundamental band gap E g is also forbidden, but strong optical absorption occurs already at energies slightly above E g , because the s-like conduction band is less dispersive than in Ag 2 O (the Cu-4s orbitals in Cu 2 O overlap less than the Ag-5s orbitals in Ag 2 O).
III. SELECTION OF NEW CANDIDATE TERNARY P -TYPE TCOS
A. Definition of the search space
The design principles for p-type TCOs can be applied to a wide range of materials. One can select several A-O oxides as baseline p-type compounds to define families of materials to explore for identifying new systems that meet the DPs. A possible baseline p-type oxide is NiO from which one could derive a rather rich space of compounds as the NiO-CoO one. In the present work we applied the DPs to a selected set of materials; we picked Ag 2 O and Cu 2 O as baseline A-O p-type oxides from which we defined new ternary A-B-O oxides via the equation
In Eq. (4), the degrees of freedom to specify a compound are represented by the species of the B element, by its valence state v, and by the l/n ratio of A 2 O and B 2 O v that yields a thermodynamically stable A-B-O compound. These three parameters define the search space for new phases.
For each B one should determine the full set of stable compounds generated by Eq. (4) and their relative crystal structure. As shown by the over 16000 ternary mixed metal oxides in the ICSD, the large majority of the elements in the periodic We are interested in illustrating the steps of the materials design process starting from the DPs based on a case study that includes two compounds: Ag 3 VO 4 and Cu 3 VO 4 . These are generated by Equation (4) and are selected according to the type of electronic structure that might suit the A. Thermodynamic stability of the Cu 3 VO 4 and Ag 3 VO 4 ternaries
First-principles predictions
The conditions of thermodynamic stability of binary compounds given by the expressions (1) are extended to ternary systems by including the conditions of stability respect to phase separation into ternary compounds at other stoichiometries: hole concentration n h (therefore, also the V Ag concentration) reaches 10 15 cm −3 at T=383 K, the temperature of the transition from α− to β-Ag 3 VO 4 . Such a small amount of holes reflects the negligible off-stoichiometry of α-Ag 3 VO 4 . We predict that the hole concentration could be significantly increased increasing the temperature in β-Ag 3 VO 4 (e.g., by three orders of magnitude going up to 800 K) if it were possible to stabilize its structure. The hole content and the band gap (described in the next section) in β-Ag 3 VO 4 predicted to be, respectively, larger and wider than in α-Ag 3 VO 4 suggest that β-Ag 3 VO 4 might show the attribute of transparency to the visible light with a non-negligible intrinsic amount of holes both desired in optimal p-type TCOs.
C. Band-structure properties: optical absorption and hole mobility 1. Optical properties and of 3.3 eV for β-Ag 3 VO 4 . Thus, stabilizing the β structure, e.g., by strain or alloying, could be a design route to achieve full transparency in Ag 3 VO 4 also the higher energies of the visible spectrum.
The acquisition of the diffuse reflectance spectrum has allowed the measurement of the optical band gap of α-Ag 3 VO 4 . A pellet was pressed of the polycrystalline α-Ag 3 VO 4 . The intercept of the two best fitting lines of the two parts of the graph points out the optical band gap. As can be seen in Figure 13 , the band gap of α-Ag 3 VO 4 is 2.1 eV, which is rather small for an oxides semiconductor.
Transport properties
In the largest majority of materials, the hole conductivity cannot be expressed as σ = ne 2 τ m * , where τ is the relaxation time, n is the carrier concentration, and e is the electron charge. This relation indeed holds only in the case of systems with parabolic and isotropic bands while in the present materials the bands at the valence band are highly non-parabolic. One should then resort to describe the transport properties within the Boltzmann equation scheme which takes fully into account the non-parabolicity of the bands and the possibility of presence of several carrier of pockets close to the band extrema. However, this scheme requires to specify the relaxation time τ , which accounts for the dissipation events in the host material and for which a fully ab-initio calculation is very difficult to perform. Instead, τ is usually treated as a constant parameter often set to reasonable values inferred from a fit to experimental conductivities of chemically similar materials. A useful effective quantity that captures the features of the full density of states g(E)
of a material, but that does not require setting a relaxation time, is the "equivalent" or "density-ofstates" effective mass 32, 33 
In this expression, N v (T ) is the so-called effective DOS 34, 35 and is a temperature dependent quantity through the Boltzmann factor; the quantity m * DOS is the effective mass which gives within the parabolic band approximation the same N v (T ) which is obtained from the DOS g(E) of the solid that originates from bands with a dispersion that departs from the parabolic one. Clearly, the effective mass m * DOS does not depend on the relaxation time. The m * DOS effective masses at the VBM calculated at T=300 K in Cu 3 VO 4 and Ag 3 VO 4 are compared in Table I with those in the respective parent binary compounds, Cu 2 O and Ag 2 O.
Going from Ag 2 O to α-Ag 3 VO 4 , the VBM m * DOS decreases slightly from 2.4 m e to 2.2 m e but we can expect comparable hole mobilities in the two materials. In β-Ag 3 VO 4 , instead, the m * DOS is almost double than in α-Ag 3 VO 4 , likely because of a larger O-p character of the energy levels at the VBM. We observe the opposite trend going from Cu 2 O to Cu 3 VO 4 with m * DOS increasing from 3.7 m e to 5.6 m e , owing to a sharp increase of the density of Cu-d levels rather localized in energy close to the VBM. In Table I Standard 4-probe measurements on as-prepared pressed pellets of α-Ag 3 VO 4 were performed.
Due to the sensitivity limit of the equipment, conductivity values below 0.002 S/cm could however not be measured. The upper limit of the conductivity of α-Ag 3 VO 4 must, therefore, be situated in this range.
V. DISCUSSION AND SUMMARY
We addressed the problem of searching for optimal p-type transparent conducting oxides (TCOs) by a materials design approach. We started by laying out the design principles (DPs) that a material must meet in order to qualify as a p-type TCO. In order to define the space of compounds to search, we put forward the hypothesis that the prototype p-type oxides, Ag 2 O and Cu 2 O, represent good baseline materials to combine with other binary oxides and derive candidate p-type TCOs. From this set of materials we selected Cu 3 VO 4 and Ag 3 VO 4 for a case study of the application of the DPs to assess candidate p-type TCOs. Although these are known materials they are, for the first time, brought within the focus of the design of new TCOs.
We believe that in order to move from traditional trial-and-error to the rational, deliberate design of new functional materials, one has to set up a procedure in which (i) DPs are established,
(ii) a non-trivial search space is defined, and (iii) the search space is explored in order to find the materials that exhibit optimal properties in accord with the DPs. On the other hand, it is true that an extensive search cannot be tackled when the materials space is too large and the properties that are to be optimized are not easy to calculate due to a numerically cumbersome algorithm. These are potential drawbacks that determine the viability of a search approach, and they can be fully assessed only via the survey of a large space of compounds, not in a case study, as in the present one, which is limited only to a few compounds. Yet, the DPs that are established at the outset require that the target properties fall within given intervals rather than take global maximum or minimum values, or even fixed target values. There is, then, a significant probability that these optimal compounds can be retrieved even out of a search space as large as the one defined here.
Based on this fact, we strongly believe that the fully ab-initio search procedure outlined in this work is a viable one and can be implemented by using the new generation of petaflop massively parallel computers that have been coming online in recent years.
Our theoretical and experimental data show that Ag 3 VO 4 complies with all of the proposed DPs, except for hole mobility. We predict that Ag 3 VO 4 is stable in ranges of oxygen-partial pressures and temperatures that are reachable via standard hydrothermal preparation routes. In contrast to Ag 3 VO 4 , the parent binary Ag 2 O oxide is stable only at high oxygen partial pressures and low temperatures which are not routinely achieved in standard solid-state synthesis. Polycrystalline Fermi level in the gap, the V O defect will be energetically unfavorable and charge-neutral, i.e., it does not compensate holes. We found that Ag 3 VO 4 is clearly a p-type oxide. However, since Ag 3 VO 4 is highly stoichiometric, the intrinsic concentration of cation vacancies is so low that they do not produce the sizeable p-type conductivity desired in a p-type TCOs. This result illustrates the need for extrinsic hole dopants to increase the content of holes and the conductivity in α-Ag 3 VO 4 . Cu 3 VO 4 shows a significant equilibrium copper deficiency which results in high hole concentration. However, Cu 3 VO 4 is black and therefore not to be considered as a candidate p-type TCO.
Using the GW method, we predicted that the optical absorption edges in α-Ag 3 VO 4 and β-Ag 3 VO 4 are respectively at 2.6 eV and 3.3 eV, that is at higher energies than in Ag 2 O. Diffuse reflectance data show that α-Ag 3 VO 4 has an optical band gap of 2.1 eV, in fair agreement with the calculated one, and the red coloration of the samples confirms the incipient transparency. Several factors can contribute to explaining the discrepancy we find between the predicted optical gap and the measured one: (i) the inaccuracy of the GW method, which, as discussed in Sec. A.4 of the Appendix, might not provide accurate, quantitative predictions of the position of the d orbitals in system like the ones studied here where the band edges originate from d orbitals of transition metal species; the introduction of the on-site non-local external potentials, described in Sec. A.4 alleviates this problem; (ii) the experiment is performed at room temperature while the calculation yields a value for the gap at 0 K; (iii) at the actual sample dimensions, experiment picks up indirect transitions not considered in theory; (iv) excitonic effects (not included in our calculations) increase the intensity of the transition close to the band gap energy. β-Ag 3 VO 4 is predicted by the GW calculations performed here to be transparent to the visible light but its absorption spectrum could not be measured because of the crystal structure transition from β-Ag 3 VO 4 to α-Ag 3 VO 4 under cooling. Therefore, it will be interesting to investigate strategies to stabilize β-Ag 3 VO 4 at lower temperatures in order to obtain a transparent oxide that might offer a good baseline to obtain the hole conductivity desired in a p-type TCO. However, we should keep in mind that if a discrepancy between the calculated and experimental onset of absorption similar to that observed in the α-phase occurs also in β-Ag 3 VO 4 such a phase would still have an optical band gap somewhat smaller than that needed for it to be a TCO, even if this β-phase could be stabilized. Moreover, for both phases of Ag 3 VO 4 first-principles calculations and experimental observations indicate a small concentration of holes arising from intrinsic defects in this material, and so low conductivities. By contrast the Cu vanadate Cu 3 VO 4 has too small a band gap to be a TCO, while the rather high density-of-states mass suggests that the mobility in this compound could be rather low, leading to low conductivities.
In sum, although the compounds chosen here for a case study of the validation of the DPs are not TCOs, (both are p-type conductors while only α-Ag 3 VO 4 is at the verge of transparency), we observe that a search for new candidate p-type TCOs driven by the application of the DPs proposed in this work is a promising design route. Furthermore, the proposed DPs represent necessary conditions that a material should satisfy in order to be a p-type TCO; therefore, it is mandatory to embed these DPs in any materials design program that aims at identifying new p-type TCOs. This route will therefore be further explored by extending the search to a much larger set of ternary Cuand Ag-based oxides. This route will therefore be further explored by extending the search to a much larger set of ternary Cu-and Ag-based oxides.
VI. APPENDIX
A. Electronic structure calculation methods
Total-energy calculations
We used the GGA+U 36 method as implemented in the VASP 37, 38 code to calculate the total energy of the bulk phases and the point-defect configurations of the binary and ternary systems considered in this study. Standard density functional theory often predicts an incorrect phase of transition metal oxides to be stable, e.g., Ni 2 O 3 is predicted to be more stable 39 instead of NiO.
The resulting inaccuracy of the heat of formation calculated by generalized gradient approximation (GGA) is corrected by employing the GGA+U method 36 and the use of optimized elemental reference energies 40 . The U parameters of Ag, Cu, and V used in this work are U Ag = 6.3 eV, U Cu = 5.8 eV, and U V = 2.2 eV.
Even though V 2 O 5 is a layered structure where van der Waals interactions are expected to play a significant role, the lattice parameters obtained in the present GGA+U description agree with experimental within typical accuracies of GGA (aspherical contributions to the gradient corrections have been taken into account).
Dependence of the chemical potential of oxygen on pressure and temperature
The oxygen chemical potential ∆µ O in the gas phase can be controlled by changing the oxygen partial pressure P and temperature T . 17 Employing the tabulated O 2 enthalpy H 0 = 8.7 kJ mol −1
and entropy S 0 = 205 J mol −1 K −1 at standard conditions (T 0 = 298 K and P 0 = 1 atm), we have
where ∆H(T ) = C p (T − T 0 ) and ∆S(T ) = C p ln(T /T 0 ). For T ≥ 298 K, we assume the ideal gas law, and use C p = 3.5 k B for the constant-pressure heat capacity per diatomic molecule. For P different than P 0 , ∆µ O (T, P ) = ∆µ O (T, P 0 ) + 1/2k B T ln(P/P 0 ).
Defect calculations
The total energies of the defect systems were calculated by using finite supercells. It must be questioned whether the DFT calculations have sufficient accuracy to be used in a predictive man-ner to calculate materials properties related to point-defects. In the n-type TCOs, for example, DFT band gap errors and supercell finite size effects have given huge differences in the predicted formation energies of native defects calculated by different groups and/or different methods, leading to orders of magnitude differences in the equilibrium concentration of native defects expected.
Because of this we were careful to apply the following corrections 18, 19 to DFT and the super-cell calculations. The size ans shape of the supercells was set so as to decouple the relaxation of the crystal structure around periodic images of the defect in neighboring cells. Moreover, we applied the techniques explained in detail in Ref. 18, 19 to correct for the band-filling effect, which originates from the finite size of the supercell, and for the interaction between periodic image charges (in the case of charged defects).
The concentration c D,q of the defect D in the charge state q and with formation energy ∆H D,q is expressed 18, 34, 35 by
fixed by the charge neutrality condition, which requires that the total charge associated to the free carriers balance the total charge associated to the charged defects. But the concentration c D,q of a charged defect depends on the electron chemical potential E F via the defect formation energy ∆H D,q , expressed by Equation (2). Therefore, at every temperature T , E F must be determined self-consistently with c D,q , the concentration of electrons, n e (T ), and the concentration of holes, n h (T ).
Excited states and optical properties calculations
We used the GW 41 method to calculate the density of states and optical absorption spectra in
Figs. 4 and 9, and the band gaps in Table I . The GW method is nowadays the state-of-the art approach to calculating the band-structure of semiconductors and insulators. Its accuracy has been extensively tested and verified for a large pool of main-group compounds 42, 43 . However, larger uncertainties have been observed for the positions of the d-bands, e.g., in ZnO 44 . In transition metal compounds, where d-like states are close to the band gap region, the ability of GW to provide accurate quantitative predictions for the band structure remains under investigation. In the GW calculations performed in this work 43 we keep fixed the GGA+U wave functions and iterate the GW energies to self-consistency. We also include local-field effects that go beyond the random phase approximation 45 . While this procedure predicts quite accurately the band structures of conventional III-V and II-VI semiconductors 46 , we find systematic deviations from experimental data that result from too high d-orbital energies in GW for both occupied (e.g. ZnO and Cu 2 O) and unoccupied (e.g., TiO 2 and V 2 O 5 ) d-shells. Here, we remedied this problem by employing additional non-local empirical potentials 47 to lower the d-orbital energies. The parameters for the additional potentials (-2.5, -1.5, and -2.8 eV for Cu, Ag, and V) were determined so as to make the calculated band-structure consistent with available experimental data on Cu 2 O, Ag 2 O, and V 2 O 5 .
B. Crystal structures of the compounds considered in the thermochemistry calculations
To determine the phase stability plots of Ag 3 VO 4 and Cu 3 VO 4 depicted in Figure 6 we considered several binary and ternary compounds, each in its low-temperature crystal structure, as possible competing phases formed by the same species as in these oxovanadates. The total energies of all compounds were calculated for the crystal structure obtained by fully relaxing the lattice vectors and atomic positions starting from their experimental values. We list here the entries in the ICSD that corresponds to the experimental crystal structures of the compounds we considered : them into the autoclave. KOH functions as a mineralizer, which will facilitate the dissolution of the metal ions at an increased pH. KOH also regulates the amount of water that diffuses into the pouch.Up to seven pouches were placed in a 125 mL autoclave with Teflon liner, which was backfilled with 50 mL water. The autoclave was closed and heated at 433 K for 50 hours and cooled down to room temperature at 0.1°/min to maximize crystal growth. In order to measure the amount of diffused water, the pouches were weighed before and after hydrothermal synthesis. After the synthesis, the powders were washed three times with distilled water to remove all traces of KOH. No other phases are observed, from which we can conclude that the powder is pure. The in-situ high temperature XRD was performed on a Scintag XDS2000, with a heating stage. The sample was glued to the sample stage with a slow-curing high temperature resistant two-component epoxy glue.
Optical Data
A diffuse reflectance spectrometer was used to obtain data on optical properties such as bandgap. A Perkin-Elmer Lambda1050 instrument with an integrated sphere was used to collect data over the spectral range of 250-800 nm with a data interval of 1 nm. A baseline was collected using a slit width of 2 mm at 650 nm. After the detected light has interacted with the particles of the sample, the absorption spectrum can be extracted from the raw diffuse reflectance data. This transformation is done by the Kubelka-Munk conversion 49 . The value of the optical band gap can be found from the interception of the two tangent lines of the absorption spectrum.
Differential Scanning Calorimetry
The phase transition of α-Ag 3 VO 4 was studied by differential scanning calorimetry (MettlerToledo DSC 822e). Indium and zinc references were used to calibrate the heat changes. A small amount of sample (3-4 mg) was sealed in an aluminum pan and heated at 10°C/min to 400°C under dry flowing N 2 gas (55 mL/min). The heating and cooling graphs are both recorded. There is a 25 K hysteresis difference between the phase transition between heating and cooling. 
